New observations by the ISEE 1 plasma wave receiver reveal heretofore unreported details of the nonthermal continuum radiation from the earth. In particular, the higher frequency escaping component shows temporal and spectral features which are quite different from those of the lower frequency trapped emission. The higher frequency component is often clearly separated in frequency from the trapped component and high resolution spectrograms show that the escaping radiation consists of numerous narrowband emissions which drift slowly in frequency with time. The higher frequency component also exhibits greater temporal and spatial variability in both amplitude and frequency although the temporal variations are still quite smooth when compared to the more intense and higher frequency auroral kilometric radiation. Evidence is presented which clearly shows a direct connection between intense electrostatic emissions near the upper hybrid frequency and the escaping continuum radiation and strongly suggests the latter electromagnetic emission is generated through mode coupling with the upper hybrid waves. The new ISEE observations of the escaping continuum radiation from the earth strongly suggest a close correspondence with the newly reported narrowband kilometric radiation from Jupiter. Both emissions are relatively narrowband and show slow variations in amplitude with time. In both cases, the narrowband radiation lies above the trapped continuum radiation and below the intense extraordinary mode emissions (auroral kilometric radiation at the earth and decametric radiation at Jupiter). Evidence from both planets suggests the radiation is generated by intense electrostatic waves near the upper hybrid resonance frequency in the vicinity of the plasmapause at the earth and at the outer edge of the Io plasma torus at Jupiter.
INTRODUCTION
Terrestrial nonthermal continuum radiation was first detected in the frequency range of 30 to 110 kHz by Brown [1973] and in the range of 5 to 20 kHz by Crurnett and Shaw [1973] . Brown reported a power-law frequency dependence of the radiation, f•, with ¾ -• -2.8. The lower frequency cutoff near 30 kHz was apparently due to the propagation cutoff at the solar wind plasma frequency. Gurnett and Shaw detected a more intense component at lower frequencies with IMP 6 when the spacecraft was within the magnetospheric cavity. Since the local plasma frequency in the cavity is less than the solar wind plasma frequency the continuum radiation below 20-30 kHz is trapped within the cavity.
The terrestrial continuum radiation was characterized in detail by Gurnett [1975] . Gurnett provided details of the continuum radiation spectrum, separating the lower frequency trapped component from an escaping component at frequencies high enough to propagate freely out of the magnetosphere and into the solar wind. Using direction-finding techniques the escaping radiation was found to be generated just beyond the plasmapause from •4 to • 14 hours local time. Further investigation into the source region via spatial intensity distributions indicated that while the intensity is remarkably constant throughout the magnetospheric cavity, a statistically significant maximum occurs in the local morning and afternoon between 5 and 8 earth radii (RE). Estimates of the source size from direction-finding measurements of the escaping component indicated a relatively large source size (subtending a half angle of •20 ø at 20 < R < 30 RE). Gurnett also showed a close association between intense electrostatic bands near the electron plasma frequency (now identified as upper hybrid resonance emissions) and continuum radiation and argued that the electrostatic bands played an important role in the generation of continuum radiation.
Frankel [1973] proposed that the continuum radiation was Copyright ¸ 1981 by the American Geophysical Union. generated by gyrosynchrotron radiation from energetic electrons in the outer radiation zone. The question of the continuum radiation generation mechanism was pursued by Crurnett and Frank [1976] in a paper which showed a correlated increase in 1 to 30 keV electrons and continuum radiation intensity. Gurnett and Frank argued that the injection of 1-30 keV electrons into the dawn outer radiation zone led to a coherent plasma instability (e.g., intense electrostatic waves near the upper hybrid resonance frequency, fUHR) which, in turn, wave-wave coupled into the electromagnetic radiation. Jones [1976] suggested that the continuum radiation was generated by a linear conversion of Z-mode waves into O-mode electromagnetic radiation at the plasma frequency. Christiansen et al. [1979a, b] suggested a nonlinear interaction between the upper hybrid waves and ULF waves may produce the continuum radiation. Melrose [1981] , in a critique of the available theories, suggested that the most likely mechanism for the generation of continuum radiation involved the coalescence of upper hybrid waves with low frequency ion-cyclotron waves.
Nonthermal continuum radiation has since been observed in the Jovian magnetosphere [Scarf et al., 1979; Gurnett et al., 1979b ] and a similar emission has been detected at Saturn [Gurnett et al., 1981a, b] . Hence, continuum radiation appears to be a common astrophysical phenomenon. With the added interest generated by its occurrence in other magnetospheres, it becomes increasingly important to understand as much as possible about the emission by studying the phenomenon in greater detail and with improved instrumentation at the earth. The primary motivation for the present work results from the new ISEE observations which show that the escaping continuum radiation differs from the trapped component in several temporal and spectral characteristics. We will argue, however, that even though the new observations reveal important differences, the two components of the continuum radiation spectrum are most likely generated by the same mechanism and the observed differences can be explained by considering the effect the cavity has on the trapped portion. Having dem-onstrated the two components are actually closely related through the source mechanism, it will become apparent that the escaping component will be particularly useful in the study of both the trapped and escaping components since the escaping radiation has not been modified by repeated reflections within the magnetospheric cavity. A secondary objective of this study is to look for analogies with the radio spectra of other planetary magnetospheres, particularly Jupiter. The study of the radio spectra of two or more magnetospheres helps to break the study of the individual emissions into more well-defined classifications. The discovery of general features present in more than one planetary radio spectrum or lack thereof will eventually lead to a better understanding of not only the nonterrestrial radiation, but also the earth's own emissions as well.
The new continuum radiation observations were made by the ISEE 1 plasma wave experiment which is described in detail by Gurnett et al. [1978] . In addition to a high-time resolution 20-channel spectrum analyzer which covers the frequency range from 5.6 Hz to 311 kHz, the ISEE 1 plasma wave experiment contains a sweep-frequency-receiver and a wideband analog receiver which provided the data essential for these new observations. The sweep frequency receiver, which has good frequency and temporal resolution, covers the frequency range from 100 Hz to 400 kHz in 128 logarithmically spaced narrowband channels which are sequentially sampled. A complete spectral scan is obtained every 32 s. Each channel has a dynamic range of about 80 dB. The wideband analog receiver on ISEE 1 is an automatic-gain-control (AGC) receiver with selectable 10-kHz or 40-kHz bandwidths and 8 selectable baseline frequency ranges from nearly DC to 2 MHz. Particularly important in this study are bands beginning at 0, 31.25 and 62.5 kHz. The wideband analog receiver provides excellent temporal and spectral resolution.
The ISEE 1 orbit is highly eccentric with the initial apogee at 22.6 RE and perigee at 1.1 RE and an inclination of 30 ø. The spacecraft spin axis is nearly perpendicular to the ecliptic plane. The primary sensor utilized in this study is the long (215 m tip-to-tip) electric dipole antenna extended perpendicular to the spin axis.
OBSERVATIONS OF ESCAPING NONTHERMAL

CONTINUUM RADIATION
In this section we shall present observations of the amplitude, spectrum, temporal fluctuations, and source region of escaping nonthermal continuum radiation. Throughout, we shall compare these new observations with previously published findings in order to verify the identification of the radiation studied here and also to point out the significant new details present in these observations. It is hoped that the additional information gleaned from this study will lead to a much better understanding of the source of the radiation.
a. Spectral and Temporal Characteristics of Escaping Continuum Radiation
This study will rely on the use of the sweep-frequency-receiver data to characterize the escaping continuum radiation, to contrast it with the trapped continuum radiation, and separate it from auroral kilometric radiation. Plates 1 and 2 provide representative examples of escaping nonthermal continuum radiation and a discussion of these examples will establish a solid foundation upon which more detailed analyses may be based. The plates are in the form of frequencytime spectrograms with the abscissa being time and the ordinate frequency. The electric field spectral density at each frequency-time point is represented by a color code. Dark blue in the plates represents the floor of the receiver dynamic range and red represents the upper limit of the dynamic range. The color bar provided at the right of each plate shows the relation between color and electric field spectral density in units of V 2 m-2 Hz-1.
Plate 1 is from an inbound pass on April 5, 1978, at ---1-2 hours magnetic local time. The escaping continuum radiation is evident in the frequency range ---40-100 kHz from ---0110 up to 1220 UT when the spacecraft encountered the plasmapause. The escaping continuum radiation is characterized by narrow bands lasting for hours which slowly drift up or down in frequency. A higher frequency emission near 200 kHz between 1000 and 1225 UT is also identified as escaping continuum radiation. The escaping radiation is accompanied at lower frequencies by trapped continuum radiation between •7 and 25 kHz and at higher frequencies by auroral kilometric radiation between ---100 and 400 kHz.
One useful landmark usually apparent in the sweep-frequency-receiver displays is the band at the upper hybrid resonance frequency, fwR, which sweeps from about 20 kHz at 1100 UT to 400 kHz at 1245 UT in Plate 1. We usually associate the region where this band exhibits the greatest rate of change of frequency (1225 UT) with the plasmapause since this represents the largest density gradient along the spacecraft trajectory in the inner magnetosphere. It is apparent in Plate 1, then, that the escaping continuum radiation can be detected all along the spacecraft trajectory except inside the plasmasphere. The lower frequency cutoff of the trapped continuum radiation is approximately the local electron plasma frequency, f,-, and this cutoff provides another useful landmark which when coupled with the UHR band near the plasmapause provides a density profile of the magnetosphere along the spacecraft trajectory.
Plate 1 shows obvious differences between the appearance of the escaping continuum radiation and that of trapped continuum radiation and auroral kilometric radiation. The escaping component is relatively narrowbanded and drifts slowly up and down in frequency. The diagonal mottled appearance is due to the beat between the sample period and spin period and is indicative of a spin-modulated signal. There are fluctuations in intensity of the escaping radiation over time scales of about an hour.
The trapped continuum radiation is approximately the same intensity as the escaping component but appears to have less spectral structure than the escaping component. The trapped component exhibits a smooth variation in intensity versus frequency from the lower cutoff near f,-to the apparent upper limit. Gurnett [1975] associated this upper limit with the plasma frequency in the solar wind. Hence, the explanation for the trapped continuum radiation is based on the fact that the radiation is reflected at the magnetopause if the wave frequency is less than f,-in the solar wind.
The auroral kilometric radiation in Plate 1 is quite distinct from both components of the continuum radiation. The higher frequency emission is much more intense, at times, than the continuum radiation and also much more variable in intensity, sometimes increasing or decreasing by several orders of magnitude on time scales of---1 min. Hence, the appearance of the kilometric radiation is dominated by 'vertical' structure in the sweep-frequency-receiver displays, i.e., domi- The higher resolution observations shown in Figure 1 confirm the results of the study of the sweep-frequency-receiver data and show that the escaping radiation is more highly structured in frequency than the trapped component. The intense, rapidly rising and falling tones of auroral kilometric radiation clearly separate it from the continuum spectrum and preserve the 'vertical' structure seen in the sweep-frequencyreceiver displays.
It is useful to study further examples of the escaping continuum radiation in high resolution to search for clues to the source and origin of the emission. We close this section by noting that in some cases the detailed frequency-time spectrograms suggest a common source for the trapped and escaping continuum radiation whereas in other cases the two components appear to be separate and distinct features of the terrestrial radio spectrum. We shall discuss this paradox and offer a solution in the Discussion sec- tinuum radiation source extended over a broad region beyond the plasmapause on the morning side of the earth. As can be seen in Figure 5 , virtually all directions determined intersect the source region. Since we believe the emission studied here is the same as that studied by Gurnett it is not surprising that our results are consistent with the previous IMP 8 measurements. On the other hand, without the shaded region in Figure 5 to guide the eye, the results of the direction-finding survey are not very conclusive.
spacecraft from perigee to about 17 Re; hence, the outer limit of observation is an artifact of the data set used, and not a radial distance limit of observation. Notice that escaping continuum radiation is most often observed during local morning, and particularly between about 0 and 7 hours local time. This result supports the conclusion that the source of continuum radiation is located primarily in the local morning beyond the plasmapause. The high density plasmasphere would block observations made by a near-equatorial spacecraft in the local We supplement the direction-finding survey with a study of afternoon and evening if the source were in the local morning. ways separates it from the trapped radiation. Where earlier studies had suggested the higher frequency waves were different only in that they were not reflected at the magnetopause, this study shows a clear difference in the spectrum of the two components as shown in Plates I and 2 and also We propose that even though new data presented in this paper suggests the escaping and trapped continuum radiation components are somewhat dissimilar in nature, they are generated via the same mechanism and all observed differences may be explained if one examines the effect of the reflections within the cavity on the trapped component. The presence of banded (and discrete) structures in both components is the key which leads to a common source mechanism. The discussion of Figure 7 could equally well apply to an example of trapped continuum radiation.
The differences in spectral character noted here can be largely explained by applying the work of Barbosa [1981] to terrestrial trapped continuum. Barbosa argued that movement of the cavity walls leads to a diffusion in frequency of continuum radiation trapped in the Jovian magnetosphere. Therefore, a monochromatic tone would be spread in frequency after a large number of reflections off the walls of the magnetospheric cavity. Hence, we may argue that the diffuse nature of the trapped continuum radiation is due to frequency diffusion as a result of multiple reflections off the magnetospheric walls. Also, since the UHR bands are observed to occur over a broad range of frequencies from as low as 10 kHz to at least 178 kHz, the superposition of waves impinging on the spacecraft from a large number of discrete sources within the magnetosphere via multiple reflections will result in a diffused spectrum. When banded structures are seen in the trapped spectrum we must assume the observing receiver is relatively close to the source or that the waves detected have experienced only a small number of reflections and, hence, have not diffused to a large extent.
The change in the character of the spectrum which occurs between the trapped and escaping components must be regarded as a transition from a regime in which the frequency diffusion discussed by Barbosa [1981] fills the band between the local plasma frequency and the solar wind plasma frequency with trapped radio waves to a regime where nearly monochromatic emissions escape from the magnetosphere without reflection. It is not clear that the emissions must occur over a continuous range of frequencies and, in fact, it is quite reasonable to expect local minima in the emission spectrum as in the bottom panel of Figure 4 because of the discrete character of the UHR source. There are also examples of the converse situation where escaping emission bands lie at a frequency such that the escaping and trapped spectra merge as is the case in Plate 2 and the top panel of Figure 4 .
The observations of a uniformly filled cavity in the lower frequency range is a direct result of the confinement of the radio waves within the cavity. Even a source localized in the morning sector could illuminate the entire magnetospheric cavity via multiple reflections off the magnetopause. If the escaping component of the continuum radiation spectrum is due to discrete sources at frequencies above the solar wind plasma frequency, it may be necessary to re-evaluate the Q factor of the magnetospheric cavity estimated by Gurnett [1975] . Gurnett assumed the entire continuum radiation spectrum was generated by a continuous source spectrum and used the ratio of the amplitudes of the trapped and escaping radiation to infer the Q of the cavity. In view of the present situation with the escaping component generated by discrete, monochromatic sources with a complex frequency structure, it is more difficult to estimate the Q of the cavity.
The observed differences in the trapped and escaping continuum radiation, then, may all be explained by considering the effect the cavity has on the trapped component but not on the escaping component. The evidence suggesting a similar source mechanism is the basis for considering the two components parts of the same phenomenon. Hence, the escaping and trapped components are almost certainly intimately related.
The obviou• advantage one may take of the situation is to generalize findings on the escaping component to the case of the whole coatinuum spectrum. That is, if we understand the generation mechanism of the escaping radiation, we may asSume the trapped emission is generated in a similar manner. Since the cavity effects do not modify the escaping waves, studies of the higher frequency radiation are more direct and less confused by propagation effects than are measurements of the trapped radiation. 
CONCLUSIONS
This paper has added a body of detailed information to the information which was already available on the earth's continuum radiation and the escaping component in particular.
These observations have shown that there are substantial qualitative differences in the spectrum and appearance of the two components, but that most of these differences may be explained by considering the effect of the cavity on the trapped radiation. Most importantly, the source mechanism for both [1979a], and Kurth et al. [1979b] that UHR bands may be important in the generation of the trapped continuum radiation. Further, the structure in the continuum radiation very close to the source shown in Figure 7 implies that a mode coupling mechanism is most probable, and that the gyrosynchrotron mechanism proposed by Frankel [1973] probably is not of primary importance.
Arguments are also given above which suggest the Jovian narrowband kilometric radiation is very similar to the earth's escaping continuum radiation and may indeed be the same phenomena. The analogy extends to similarities in the source region and even the speculated emission mechanism in that the Jovian emission has been associated with UHR bands in or near the Io plasma torus. It is important to our understanding of both the terrestrial emission and the Jovian emission to see the similarities involved in a phenomenon associated with these two diverse magnetospheres. The similarity most likely lies in the microphysics of the upper hybrid resonance-(n + 1/2)f s-instability and not so much in the gross morphology of the magnetospheres. It is quite likely that the banded electromagnetic radiation detected at Saturn [Crurnett et al., 1981a, b] is similar in nature to the Jovian and terrestrial continuum radiation. If so, the implication is that continuum radiation is a fairly common astrophysical phenomenon and it is important to understand the generation mechanism as a fundamental process.
